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Abstract The photosynthetic reaction center-light harvesting 1
complex from Rhodopseudomonas viridis was purified and
reconstituted into two-dimensional crystals. The single-layered
crystalline sheets with lattice parameters a = b = 133.3 Aî and
Q = 120‡ were investigated by electron cryo-microscopy and the
projection map at 10 Aî resolution was calculated. The opening
diameter of the light-harvesting ring of 72 Aî is sufficient to allow
slight movement of the reaction center within the ring. Based on
characteristic features observed in the projection map, the
mechanism of energy transfer from the light-harvesting 1
complex to the reaction center was discussed.
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1. Introduction
Photosynthesis is one of the most fundamental biological
reactions. The ¢rst step of the photosynthetic reaction in pur-
ple non-sulfur and sulfur bacteria is the absorption of a pho-
ton by a light-harvesting antenna protein-pigment (LH) com-
plex. Subsequently, the absorption energy is transferred to the
bacteriochlorophyll (BChl) special pair of the reaction center
(RC). The electron transfer within the RC and the energy
transduction across the membrane are understood in great
detail by the atomic structures of the RCs from Rhodopseu-
domonas (Rp.) viridis [1] and Rhodobacter (Rb.) sphaeroides
[2], as well as by active biophysical and photochemical studies.
However, there are still open questions concerning the initial
energy transfer from the LH1 complex to the RC. Therefore,
it is hoped that a detailed structure of the complex which the
RC forms with LH1 will bring insight into the mechanism of
excitation energy transfer from the LH1 complex to the RC.
Several RC-LH1 complexes from various photosynthetic
bacteria have already been studied by electron microscopy,
revealing that the RC is surrounded by a ring composed of
LH1 subunits [3^6]. Structural data, in combination with bio-
chemical and biophysical studies, have led to the generally
accepted process that a photon absorbed by LH1 excites an
electron and that the excitation energy is passed on to the
BChl special pair in the RC [7]. Unfortunately, the structures
of RC-LH1 complexes have only been determined to a rather
moderate resolution so far. This is due to the limited crystal-
linity of the two-dimensional (2D) arrays which were studied
and also due to the negative stain which was used to contrast
the specimens. Therefore, these studies did not allow elucida-
tion of the detailed relationship between the structure and the
function of the RC-LH1 complex.
We chose Rp. viridis as a very promising model system to
elucidate the structure of the RC-LH1 complex for several
reasons, as follows. Rp. viridis has a relatively simple photo-
synthetic system because only a single type of LH complex is
expressed. The RC-LH1 complex constitutes more than 90%
of the total protein in the thylakoid membranes and thus it is
easy to purify large quantities of the RC-LH1 complex. More-
over, the structure of the RC has already been solved at
atomic resolution [1] and the photosynthetic reaction has
been extensively studied by biochemical and biophysical tech-
niques. Finally, the RC-LH1 complex from Rp. viridis already
forms 2D crystalline arrays in the photosynthetic membranes
indicating an intrinsic propensity of this complex to form 2D
crystals. Thus, the RC-LH1 complex from Rp. viridis is highly
amenable to structural studies which will help us to under-
stand the initial photosynthetic reaction steps.
To overcome the resolution limitations encountered by pre-
vious investigators due to the lack of crystallinity of the 2D
arrays found in photosynthetic membranes of Rp. viridis, we
puri¢ed the RC-LH1 complexes and reconstituted them into
2D crystals in the presence of phospholipids. The resulting 2D
crystals were studied by electron cryo-microscopy to avoid
resolution limitations imposed by negative staining. Recently
remarkable progress in electron cryo-microscopy has even al-
lowed the determination of the near-atomic structure of 2D
crystallized proteins [8,9]. High resolution electron microscopy
of 2D crystals is also especially well suited for integral mem-
brane proteins, because it allows visualization of the interac-
tions between integral membrane proteins and the surround-
ing lipid bilayer. Here, we present the successful reconstitution
of detergent-solubilized RC-LH1 complexes from Rp. viridis
into well-ordered 2D crystals and the projection map at 10 Aî
resolution.
2. Materials and methods
2.1. Puri¢cation and two-dimensional crystallization of RC-LH1
complexes
For 2D crystallization, photosynthetic membranes isolated from
Rp. viridis were solubilized with 1% (w/v) 3-[(3-cholamidopropyl) di-
methylammonio]-1-propanesulfonate (CHAPS; Dojin) and the RC-
LH1 complexes were puri¢ed by polyacrylamide gel electrophoresis
[10]. Subsequently, the RC-LH1 complexes were applied to a CL-4B
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gel ¢ltration column (Pharmacia). The puri¢ed RC-LH1 complexes
were mixed with detergent-solubilized soybean PC to give a ¢nal
protein concentration of 1 mg/ml and a lipid-to-protein ratio of 1.
The mixture was dialyzed against detergent-free sample bu¡er (10 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 5% glycerol and 0.05% NaN3) at 25^
30‡C for 4^7 days, using L-shaped glass capillary tubes and dialysis
membranes with a 50 kDa cut-o¡ (SpectraPor 7, Spectrum). To check
the outcome of dialysis experiments for 2D crystallization, samples
were negatively stained with 2% (w/v) uranyl acetate and observed
with a JEM1010 electron microscope (JEOL) at a nominal magni¢-
cation of 20 000U and operated at an acceleration voltage of 100 kV.
2.2. Electron cryo-microscopy and image processing
RC-LH1 2D crystals were prepared for high resolution electron
microscopy by adding trehalose to a ¢nal concentration of 3% [11].
The sample was adsorbed to a carbon-coated molybdenum grid and
rapidly frozen in liquid ethane. Electron micrographs were taken with
a JEM-3000SFF electron microscope, operated at an acceleration
voltage of 300 kV and equipped with a ¢eld emission gun and a liquid
helium stage [12]. For data collection, the specimen was kept at 4.2 K
and imaged at a nominal magni¢cation of 40 000U using an electron
dose of 10 e3/Aî 2. Micrographs, recorded on Kodak SO163 ¢lm, were
developed for 14 min in Kodak D-19 developer. Well-ordered crys-
talline areas were selected by optical di¡raction and areas of
8000U6000 pixels were digitized with a LeafScan45 line-illuminating
micro-densitometer [13] using a step size of 5 Wm, corresponding to
1.5 Aî on the specimen. Bacteriorhodopsin 2D crystals were used as a
reference for precise determination of the lattice parameters of the
RC-LH1 2D crystals. The MRC image processing programs [14]
were used for lattice unbending, CTF correction and merging of the
images as described in [15].
3. Results and discussions
3.1. Two-dimensional crystallization of the RC-LH1 complexes
from Rp. viridis
For 2D crystallization, the choice of detergent for puri¢ca-
tion and subsequent reconstitution is of primary importance
for the protein stability and the outcome of 2D crystallization
trials [16]. We used CHAPS for solubilization, puri¢cation
and 2D crystallization steps because of its mildness and
high critical micelle concentration. The RC-LH1 complex
was stable in CHAPS and no change in the absorption spec-
trum of the complex was observed upon solubilization.
Beside detergents, lipids used for reconstitution and the
lipid-to-protein ratio (LPR) are also known to be critical
for the success of crystallization. The lipids we tested in-
cluded dimyristoyl PC (DMPC), which was used for 2D crys-
tallization of LH2 from Rhodovulum sul¢dophilum [17], and
dioleoyl PC (DOPC), which was used previously for reconsti-
tution of LH1 [18] as well as the RC-LH1 complex from
Rb. rubrum [6]. Moreover, we tried lipid mixtures such as
egg yolk PC which yielded highly ordered crystals of Ca2-
ATPase [19] and soybean PC suitable for 2D crystallization
of cytochrome reductase [20]. In our case, synthesized
PCs (DMPC, DOPC) and egg yolk PC did not produce
well-ordered 2D crystals of the RC-LH1 complex from Rp.
viridis. On the other hand, stable and highly ordered 2D crys-
tals formed upon reconstitution with soybean PC. The LPR
also in£uenced the quality of the RC-LH1 2D crystals. The
optimum LPR (w/w) for the crystallization was found to
be 1. At lower LPRs, the complexes aggregated while higher
LPRs led to reduced crystallinity of the reconstituted 2D ar-
rays.
When reconstitution experiments were successful, mem-
branes with a diameter of 1^3 Wm formed after 1^2 days. A
micrograph of a negatively stained RC-LH1 2D crystal is
shown in Fig. 1. All crystals showed the same hexagonal lat-
tice with lattice parameters a = b = 133.3 Aî and Q= 120‡. These
values are similar to the lattice parameters of the 2D crystal-
line patches occurring in the native photosynthetic membrane
[3,4]. Moreover, the absorption spectra of native photosyn-
thetic membranes and reconstituted 2D crystals were identical
(data not shown), which suggests that our 2D crystals repre-
sent the native structure and arrangement of the RC-LH1
complex from Rp. viridis.
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Fig. 1. An electron micrograph of a negatively stained RC-LH1 2D
crystal (scale bar indicates 200 nm).
Fig. 2. Calculated di¡raction pattern of the best image from a tre-
halose-embedded RC-LH1 2D crystal. The Fourier components
were measured to 10 Aî resolution and the numbers and size of the
boxes indicate the IQ values of the re£ections as de¢ned in [26].
The concentric ellipses represent zero transitions of the contrast
transfer function (CTF) and the reciprocal lattice vectors are also
depicted.
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3.2. Image analysis
To illustrate the quality of our RC-LH1 2D crystals, the
computer-generated di¡raction pattern of the best image is
shown in Fig. 2. The statistics of the eight images which
were merged to calculate the ¢nal projection map are given
in Table 1. The overall phase residual of the ¢nal data set up
to 10 Aî resolution determined by comparison of 954 inde-
pendent phase measurements is 32.4‡ (phase residuals in res-
olution shells are given in Table 1).
3.3. Structure of the RC-LH1 complexes and its implication for
the mechanism of energy transfer from LH1 to RC
Our projection map of the RC-LH1 complex from Rp. viri-
dis at a resolution of 10 Aî reveals three clearly distinguishable
regions of density, an asymmetric central core and two con-
centric rings surrounding it (Fig. 3). In accordance with pre-
vious work, we interpret the core density as a RC molecule
and the two concentric rings as a LH1 complex [3,4]. The
average diameters of the inner and the outer rings of the
LH1 complex are 80 Aî and 110 Aî , respectively. These diam-
eters are slightly bigger than those determined for the LH1
complex from Rs. rubrum [18]. Interestingly, the density of the
outer ring of the LH1 complex in our projection map appears
to be signi¢cantly higher than that of the inner ring. LH1
from Rp. viridis consists of three polypeptides (K, L and Q)
which are expressed at a stoichiometric ratio of 1:1:1 [23]
and each polypeptide contributed to one transmembrane K-
helix of the LH complexes. Therefore, every LH1 subunit
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Table 1
Electron crystallographic image data
2D crystals
Unit cell dimension a = b = 133.3 þ 1.3 Aî
Q= 120‡
Crystallographic space group p1
Phase determination by image processing
Resolution (Aî ) 10
Range of underfocus (Aî ) 13 100^22 000
Total no. of observed re£ections 954
Resolution range (Aî ) Averaged re£ectionsa Phase residual
150.0^30.0 191 13.6
30.0^20.0 160 26.3
20.0^15.0 191 28.1
15.0^12.0 200 36.8
12.0^10.0 212 53.3
Total: 150.0^10.0 954 32.4
aAveraged when two or more re£ections of IQ9 7 were observed.
Fig. 3. Unsymmetrized projection map of the RC-LH1 complex from Rp. viridis calculated to 10 Aî resolution using the Fourier components
from eight images. The phases and amplitudes used for this map were only corrected for the phase-contrast transfer function. Contours are cal-
culated arbitrarily and the solid lines indicate density above the mean value. The scale bar indicates 50 Aî .
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from this organism is expected to contain three transmem-
brane K-helices. From the higher density for the outer ring
in our projection map, we interpreted that the outer ring
would consist of two membrane-spanning helices per subunit.
The inner ring with the lower density would accordingly com-
prise the third membrane-spanning helix of the subunit.
This feature distinguishes the structure of LH1 from those
of the two bacterial LH2 complexes studied so far, the LH2s
from Rp. acidophila and Rs. molischianum determined by X-
ray di¡raction analysis [21,22]. These two LH2 complexes
consist of two types of polypeptides (K and L) and a single
subunit of the complexes has two transmembrane helices. The
transmembrane helices of the K-polypeptides, which run per-
pendicular to the membrane plane, are shown to be closely
packed and arranged on an inner circle, while the K-helices of
the L-polypeptides, which are tilted with respect to the mem-
brane normal, are placed in a wide row on an outer circle and
hold BChl molecules between them. Therefore, the density of
the inner ring of the LH2 complex is shown to be higher than
that of the outer ring unlike that of Rp. viridis LH1. This
di¡erence could re£ect the di¡erent radial position of the
BChl molecules in LH1 and LH2 complexes, and therefore
help to transfer energy e⁄ciently from the BChl molecules
in the opposite directions in LH1 and LH2 complexes, to-
wards the inside of the ring and towards the outside, respec-
tively.
The number of LH1 subunits forming the ring around the
RC is another point of interest in this study ¢eld. Karrasch et
al. reported that the LH1 complex from Rs. rubrum is formed
from 16 subunits and each subunit consists of two transmem-
brane K-helices according to the 8.5 Aî projection map pro-
vided by cryo-electron microscopy and digital image process-
ing [18]. From negative stain studies of Rp. viridis RC-LH1
complex in thylakoid membranes, it was reported that the
central core is surrounded by a ring of 12 and six subunits
on the cytoplasmic and the exoplasmic side, respectively [4].
However, our 10 Aî projection map of the LH1 subunits could
not give conclusive evidence of the number of subunits, even
though we tried to calculate the rotational power spectrum
using RFILTIM [24]. Furthermore, our map could not ex-
clude the possibility of non-periodic arrangement of the sub-
units in the LH1 ring.
The light energy absorbed in the BChl molecules in the LH1
complex is transferred to the BChl special pair of the RC.
Therefore, the distance between these two kinds of BChl mol-
ecules is one of the important parameters to understand the
excitation energy transfer in the primary reaction of photo-
synthesis. K- and L-polypeptides of Rp. viridis LH1 contain
one (K36) and two histidine (L19 and L37) residues, respec-
tively and the positions of the two histidine residues (K36 and
L37) are similar to those in the K- and L-polypeptides of Rp.
acidophila LH2 [21]. Therefore, the BChl molecules in Rp.
viridis LH1 are also expected to be supported by the histidine
residues on the K- and L-polypeptides in the same manner.
Assuming these BChl molecules are sandwiched between the
two transmembrane helices, the distance from the center of
the complex to the expected position of the BChl molecules in
the LH1 ring is 43^55 Aî in the projection map. If the special
pair is located in the center of the complex, the light energy
absorbed in LH1 should be transferred at this distance. How-
ever, the opening diameter of the LH1 ring of 72 Aî is slightly
larger than the major axis of the RC. Therefore, the RC may
move within the LH1 ring, and if we assume an eccentric
position of the RC within the LH1 ring, the distance between
the special pair and the position of the BChls within the LH1
ring can decrease to about 37^49 Aî . However, the trapping
time of the excitation energy in the LH1 complex measured
for the RC-LH1 complex from Rp. viridis containing photo-
chemically active and inactive RC suggests a distance of 17 Aî
between the special pair of the RC and the BChl molecules in
LH1 ring [25]. We could not explain this distance from our
projection map. A more minute explanation for the transfer of
excitation energy from the LH1 complex to the RC has to
await the determination of a three-dimensional structure at
near-atomic resolution.
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